Abstract Gas hydrate (GH) dissociates owing to thermal injection or pressure reduction from the well in gas/oil or GH exploitation. GH dissociation leads to, for example, decreases in soil strength, engineering failures such as wellbore instabilities, and marine landslides. The FLAC3D software was used to analyze the deformation of the soil stratum and vertical wells with GH dissociation. The effects of Young's modulus, internal friction angle, cohesion of the GH layer after dissociation, and the thickness of the GH layer on the deformation of soils were studied. It is shown that the maximum displacement in the whole soil stratum occurs at the interface between the GH layer and the overlayer. The deformation of the soil stratum and wells increases with decreases in the modulus, internal friction angle, and cohesion after GH dissociation. The increase in thickness of the GH layer enlarges the deformation of the soil stratum and wells with GH dissociation. The hydrostatic pressure increases the settlement of the soil stratum, while constraining horizontal displacement. The interaction between two wells becomes significant when the affected zone around each well exceeds half the length of the GH dissociation zone.
Introduction
A hydrate is a crystalline icelike solid composed of guest molecules such as methane, carbon dioxide, tetrahydrofuran, sulfur dioxide, and water molecules. Gas hydrate (GH) is distributed extensively in permafrost and marine strata under sufficiently high pressure and low temperature conditions [1, 2] .
Most previous studies focused on the exploitation of GH [3, 4] . However, GH dissociation reduces the strength of hydrate-bearing soils (HBS) and leads to hazards such as marine landslides on a large engineering scale and instabilities of exploitation wells on a local small scale [5] [6] [7] [8] [9] [10] . The Storegga slide in Norway [11, 12] , the Cape Fear slide on the east coast of the USA, the landslide on the continental shelf of West Africa [13, 14] , and other landslides [15] in marine conditions were regarded as the result of GH dissociation. The 2010 Deepwater Horizon explosion in the Gulf of Mexico might have been caused by GH dissociation since the drilling rig was in the stratum where the pressure and temperature are suitable for hydrate formation [16] . However, the deformation of the soil stratum and vertical wells with GH dissociation is poorly understood.
Wang et al. [17] investigated the responses of a well in the soil stratum with GH dissociation. That study focused on the effects of the degree of GH dissociation on well deformation. Cai et al [18] . proposed a model to describe the thermo-hydro-mechanical coupling behavior of unsaturated soils. Sultan et al. [19] presented a method to simulate excess pore pressure using a state equation under no fluid dis-sipation and no-volume change of soils. Then gas-dissolved water filled the pores of the soil skeleton, leading to geological hazards such as fractures or even gas outburst under unloading conditions. Iwai et al. [20] simulated the coupled behaviors of heat transfer, phase transformation of hydrate to gas and water, soil deformation, and seepage and presented the main factors for ground stability during hydrate dissociation. Zhang et al. [10, 21] studied the layer fracture and gas outburst in the stratum during/after GH dissociation using both experimental and theoretical methods and presented the mechanisms of excess pore fluid pressure-induced soil failures. However, it is still not clear what the critical condition of soil failure is during GH dissociation with a rapid dissipation of fluids in the pores, which is important for the evaluation of GH exploitation.
This paper aims to examine the deformation of the soil stratum and vertical wells during GH dissociation. The development of deformation in the soil stratum and vertical wells with GH dissociation was simulated using FLAC3D software, decoupled with heat transfer and fluid seepage. The elastic-plastic constitutive model and the Mohr-Coulomb criterion were adopted to describe the deformation and failure behaviors of soil. The effects of modulus, internal friction angle, cohesion, and thickness of the GH layer on the deformation were investigated.
Introduction of numerical model
GH dissociation starts and expands from a vertical well (with hot fluid in the well as the heat source). Methane gas and water are released and assumed to drain rapidly, while the soil strength of the dissociation zone decreases significantly. Under the weight of the overlayer and hydrate layer following GH dissociation, soil deformations develop. Plastic failure occurs when the dissociation zone expands to a critical value, then soil failures, such as marine slides, will occur. In this problem, three main physical effects are involved, i.e., heat transfer with GH dissociation, fluid seepage, and soil deformations and failures. The ratios of the three characteristic times are approximately 10 9 :10 5 :1, and the three physical processes can be solved by the decoupling method. The significance of decoupling is that the slowest heat transfer, the fluid seepage, and the most rapid soil deformation can be solved in order of the time sequence. The expansion of the hydrate dissociation zone and the fluid seepage are two slow physical effects, and analytical solutions are obtained [10] . Here, the problem is simplified such that the soil deformation and failure complete instantaneously under the given GH dissociation zone, pore fluid pressure, and stress status.
FLAC3D is a kind of numerical software developed on the basis of continuum mechanics for geotechnical engineering problems. Using a rapid Lagrange difference method, the deformation and failure of soil, especially a large deformation, can be analyzed, even coupling with the physical processes of heat transfer and multiphase flow in porous media. The applicability of FLAC3D was validated by centrifugal test on the stratum instability of a 90 m slope during hydrate dissociation [22] . Hence, numerical simulations on stratum instabilities during hydrate dissociation were conducted using FLAC3D on large engineering scales.
Here the responses of the HBS were simulated with the length of the dissociation zone expanded from 50 to 250 m. The responses of the soils were affected by the relative size of the dissociation zone, the relative thickness of the GH layer, the relative modulus, and the shear strength coefficients of the GH layer following dissociation to before dissociation [9, 22] . Here, decoupled analysis was conducted, and the deformation and soil failure were simulated following complete hydrate dissociation. The present constitutive model describes the soil mechanical behaviors of hydrate-bearing sediments and sediments following hydrate dissociation. An elastic-plastic stress-strain relationship was adopted as the constitutive model in the numerical simulations. The shear strength was described by the Mohr-Coulomb yielding criterion. The elastic deformation was considered till the soil shear strength was reached. The elastic modulus and shear strength of the soil layers (hydrate layer and overlayer) were obtained in triaxial tests of hydrate-bearing sediments before and after hydrate dissociation, and geological and geotechnical parameters were adopted referring to the drilling and well logging results of the Dongsha hydrate area in the South China Sea (Table 1) [22, 23] . In the following simulation, three factorseffects of modulus, strength coefficients (internal friction angle and cohesion), and thickness of GH layer-were investigated.
A sketch of the numerical model is shown in Fig. 1 . The size of the stratum was set as length × width = 1000 m × 1000 m, the thickness of the GH layer was 25 m, the thickness of the overlayer was 200 m, and the slope was 15 • . The of the GH dissociation zone, the settlement zone expands in an approximately symmetrical way. The largest settlement is located at the surface of the GH layer. The maximum settlement at the overlayer's surface is located near the well and increases linearly with the expansion of the dissociation zone (Fig. 3) . The reason for this is that the strength of the GH layer supporting the overlayer decreases with GH dissociation. The soil settles and moves horizontally along the slope under gravity. The affected zone expands with the expansion of the dissociation zone (Fig. 4) .
It should be noted that in the following figures, A indicates the length of the affected zone, D 1 the size of the dissociation zone, H the thickness of the GH layer, h the thickness of the overlayer, w max the maximum horizontal displacement of the well, S z the settlement at the surface of the overlayer, S x the horizontal displacement of soils, S zmax the Figure 5 shows the horizontal displacement of soils under a length of dissociation zone of 200 m. The data at the vertical sections of 300, 400, 450, 550, 600, and 700 m from the toe of the slope, respectively, are adopted for discussion. The direction of the horizontal displacements in the overlayer is different from the dissociation centerline (coincident with the well) (x = 500 m). Downward from the centerline, the soils move upward to the centerline, and the horizontal displacement increases with the decrease in the distance from the centerline, while above the centerline the soils move down- ward to the centerline. In the overlayer, soil settlement occurs with softening in the GH dissociation zone, pulling the soils to move toward the centerline. Under the constraint of an undissociated hydrate zone and lateral sides, the soils move toward the centerline, forming a funnel-shaped settlement zone, while in the GH layer, the settlement of the overlayer pushes the soil away from the centerline, mostly toward the toe of the slope. The settlement along the slope and squeezing of the soil leads to changes in the horizontal displacement along the depth.
Horizontal displacement

Displacement of vertical well
The well is supported by the soils. The deformation of the well increases with the increase in the displacement of the soils. In Fig. 6a , the largest well's displacement for each length of the dissociation zone is located at the interface between the overlayer and the GH layer and increases with the expansion of the dissociation zone. The main reason for this is that the displacement of the vertical well is caused by the soil deformation. Hence, the trend of the horizontal displacement of the well along the depth is consistent with the soil (Fig. 5) . The larger stiffness of the well leads to differences in the magnitude. The displacement is zero at the bottom owing to the fixed boundary condition, while the largest displacement is located at the surface of the GH layer.
Owing to the inherent stiffness of the well and continuous elastic deformation, the horizontal displacement is upward.
The inherent stiffness and the interaction force between the well and soil leads to changes in the deformation of the well along the depth. Figure 6b shows the largest horizontal displacements with different lengths of the dissociation zone. The magnitude of the changes decreases when the dissociation zone exceeds 100 m. This is because the supporting effect of the lateral sides on the well is reduced when the dissociation zone is smaller than 100 m.
Effects of main factors on displacements of soil layer and well
The effects of the main factors, such as the modulus, internal friction angle, cohesion, and thickness of the GH layer, on the displacement of the soil layer and well are examined. The results obtained when the dissociation zone is under 200 m long are discussed. The cases in the numerical simulation are listed in Table 2 .
Effect of modulus
Three moduli are considered here: 105, 70, and 35 MPa. The settlement increases with the decrease in the modulus. The maximum settlement decreases 30 % and increases 80 % when the modulus increases 50 % and decreases 50 %, respectively (Figs. 7a and 7b) . The size of the affected zone decreases with increases in the modulus (Fig. 7c) . In addition, the horizontal displacement of the well develops with the modulus of the GH layer (Fig. 7d) . The largest horizontal displacement of the well increases 110 % when the modulus decreases 50 %. The well's displacement is caused by the displacement in the over layer and the GH layer (Fig. 7e) . Figure 8 presents the effect of the cohesion of the GH layer on the deformation of the soil layer and well. The deformation of the soil and well increases with the expansion of the dissociation zone and the decrease in cohesion; the change is slight even if the cohesion (much less than 10 6 Pa) changes tenfold. This is because the term σ tanϕ is on the order of 10 6 , so the effect of the cohesion is smaller by at least one order of magnitude.
Effect of cohesion
Effect of internal friction angle
The larger the internal friction angle, the greater the strength of the soil layer. Thus, the deformation is limited for a large internal friction angle. Once the internal friction angle drops below 4 • , the deformation of both the soil layer and the well increases quite rapidly (Figs. 9a and 9b ). This indicates that the strength of the soil layer is controlled by the internal friction angle in these cases. When the internal friction angle is smaller than 4 • , the failure zone increases rapidly with decreases in the internal friction angle. While most soils are in an elastic state, the deformation changes slowly with a decrease in the internal friction angle when it is greater than 4 • . The plastic deformation zone and the affected zone increase with decreases in the internal friction angle (Fig. 9c). 
Effect of GH thickness
Three GH thicknesses are adopted here: 25, 50, and 75 m (H/ h = 1/8, H/ h = 2/8, and H/ h = 3/8). Both the affected zone and the settlement increase with increases in the GH layer's thickness. The affected zone is in a linear relationship with the thickness, while the settlement increases slowly with increases in the thickness. The settlement of the GH layer is linear to the thickness after dissociation in the (Fig. 10) . The overlayer can be regarded as a deep beam overlying the GH layer, and it deforms linearly with the deformation of the GH layer. The affected zone in the nondissociation zone is approximately constant with increases in the dissociation zone. Deformation is mainly related to the strength coefficients (internal friction angle and cohesion) and the thickness of the overlayer using the limit equilibrium method. In the first stage, this zone increases with the dissociation zone because the failure zone in the overlayer is relatively small, and elastic deformation is dominant in a small dissociation zone.
The deformation of the well increases with the expansion of the dissociation zone (Fig. 11) . When the ratio of the length of the dissociation zone to the thickness of the over layer is less than 0.5, the maximum deformation increases more for the dimensionless thickness of the GH layer (the ratio of thickness of the GH layer to the thickness of the over layer) 1/8 than 2/8 and 3/8. The change of the well's deformation becomes slow with the expansion of the dissociation zone when the dimensionless thickness of the GH layer is less than 1/8 (Fig. 11) . The supporting effect of the over layer to the well is dominant when the dimensionless thickness of the GH layer H/ h is small. The displacement of well is small similar to that of the GH layer in the small thickness. With the increase of H/ h, the bearing force of GH layer to the well increases and the displacement of the GH layer increases with the expansion of the GH dissociation.
Effect of well interaction
The effects amongst soils and two wells were studied. The distance between the two wells was 200 m. The deformation with two wells is the same as that with single well at the length of dissociation zone less than 50 m. Only when the length of dissociation zone is over 150 m, the deformation of the two wells is much different from the case of a single well. At a small length of dissociation zone, the dissociation zone around the two wells and the two affected zone for each dissociation zone are independent. With the expansion of dissociation zone, the affected zones and dissociation zones connected, thus the bearing force of the un-dissociated zone to the wells becomes weaker, and the deformation becomes larger than that case of a single well. Figure 12 presents the deformation of the two wells and a comparison with the deformation under a single well condition.
Effect of water depth
Three water depths were adopted, 500, 1000, and 1500 m, to study the effects of hydrostatic pressure. Generally, in hydrate formation, the overlayer is impermeable. Here, the increase in the water depth increases the total stress of the soil, while the pore fluid pressure in the hydrate layer is assumed to be irrelevant to the water depth, and the stiffness of the well is unchanged in the numerical simulation. Hence, in Fig. 13,   Fig. 12 Deformation of two wells and comparison with that of a single well condition. a At a distance from slope to 400 m. b At a distance from slope to 600 m both the settlement and the affected zone increase with water depth. The reason for this is that the increase in water depth leads to an increase in hydrostatic pressure on the surface of the overlayer. The greater the water depth, the larger the deformation of soils. Figure 14 shows the well's deformation with GH dissociation at different water depths. The whole well moves toward the toe with the expansion of the dissociation zone at a water depth of 500 m. As the water depth increases to 1000 and 1500 m, an obvious inclination occurs with the expansion of the dissociation zone. The upper part of the well moves toward the top of the slope in the overlayer, while the lower part moves toward to the toe of the slope in the GH layer. The hydrostatic pressure at the surface of the overlayer constrains the horizontal deformation of the soil stratum and wells while increasing the settlement of soils. Hence, the deformation of a well is much different from that without water pressure. geological and geotechnical conditions in the South China Sea were used as references to set up a numerical model. The effects of the length of the GH dissociation zone, modulus, internal friction angle, cohesion, and thickness of the GH layer on the displacement of the soil stratum and wells were analyzed. The main conclusions drawn are as follows:
(1) The relative affected zone in the overlayer expands with an increase in the dissociation zone while remaining almost constant after the thickness of the dissociation zone becomes twice that of the overlayer. Maximum settlement occurs at the surface of the GH dissociation zone and is in an approximately linear increase with the expansion of the GH dissociation zone. The maximum horizontal displacement of the soil stratum occurs at the interface between the GH layer and the overlayer. (2) The deformation of the soil stratum and wells increases with decreases in the modulus following GH dissociation. The settlement of the soil stratum increases nonlinearly as the thickness of the GH layer increases. The length of the affected zone is approximately linear to its thickness. The soil deformation and the length of the affected zone increase with decreases in the internal friction angle owing to the development of a plastic failure zone. (3) The interaction between two wells is negligible when the length of the dissociation zone around each well is less than one-fourth the distance between the wells and the affected zones are independent, while the interaction becomes significant when the length of the dissociation zone is over one-half the distance between the two wells owing to the connection of the affected zones. (4) Different water depths lead to different hydrostatic pressures on the surface of the overlayer. Both the settlement and the affected zone increase with water depth, while the hydrostatic pressure constrains the horizontal displacement of the soil stratum and wells. The deformation of the soil stratum and wells is much different from that without water depth.
It is hoped that the results presented here will provide a reference for GH exploitation engineering in GH layers or gas exploitation under GH layers.
